EARLY RECOGNITION IS RAPID BUT HIGH-LEVEL
How long does it take for the visual system to recognize or categorize a new object? A more physiologically oriented version of this question is, how long does it take to activate the corresponding object-or category-selective neurons in temporal cortex? If neuronal latencies in monkey IT are taken as an indicator, it seems that the answer would be about 100 ms or less (Keysers, Xiao, Foldiak, & Perrett, 2001; Oram & Perrett, 1992; Thorpe & FabreThorpe, 2001; Vogels, 1999) . ERPs in humans yield slightly higher estimates of 150 ms (Large, Kiss, & McMullen, 2004; Thorpe, Fize, & Marlot, 1996) to 170 ms (Bentin, Allison, Puce, Perez, & McCarthy, 1996; Jeffreys, 1996; Liu, Harris, & Kanwisher, 2002; Low, Bentin, Rockstroh, Silberman, Gomolla, Cohen et al., 2003) , notwithstanding the occasional finding of more-than-ultra-rapid categorization in 50 ms or less (Mouchetant-Rostaing, Giard, Delpuech, Echallier, & Pernier, 2000; Seeck Michel, Mainwaring, Cosgrove, Blume, Ives et al., 1997) . An important question is, of course, whether these early activations truly reflect an active categorization of the stimulus, or simply the unavoidable physical differences between the various image categories, which would show up in the ERP signals when hundreds of trials are averaged together. One of our experiments used an alternating dual-task to address this very question (VanRullen & Thorpe, 2001) . We showed observers several hundred different scene photographs of various categories, including some containing animals, vehicles, landscape scenes etc. By asking subjects, on every other block, to respond to one given target category (say, animals) and ignore the others (including vehicles), and reverting these instructions on alternating blocks (respond to vehicles, ignore other scenes including animal scenes), we could isolate the processing related to the high-level status (target vs. non-target) of each category, all low-level differences being equated. For example, we could compare the ERP signals for animal photographs when they were treated as targets with the signals triggered by the same set of animal photographs when they were treated as non-targets. Results (reported in Figure 1) show a clear pattern of differential ERP
Figure 1.
We recorded ERPs from 32 channels while 16 subjects categorized photographs of various types, e.g. animals, vehicles, landscapes, street Thorpe, 2006) indicate that in a similar setting, but with two scenes presented on either side of fixation, saccadic responses to the side of a pre-specified target category (e.g. animal, vehicle) can be made much faster than any of the manual reports collected in the above-described experiments: the minimal selective saccadic reaction times can be as short as 120 ms, implying that the decision about the target location must have been taken in as little as 100 ms (counting at least 20 ms for the initiation of the saccadic response). The exact relation between this forced-choice paradigm and the pre-vious categorization tasks still needs to be worked out in more detail, but these new results clearly underscore the remarkable speed and efficiency of the visual system.
EArLY rEcoGnITIon Is PRE-ATTENTIVE
Does rapid object recognition require attentional resources? Visual search, the gold standard of attentional paradigms (Treisman & Gelade, 1980 ) tells us that recognition or categorization are processes that simply cannot occur in parallel (Wolfe & Bennett, 1997) . However, we have argued (VanRullen, Reddy, & Koch, 2004 ) that the question cannot be adequately addressed using the visual search paradigm, because the large size of object-and category-selective neuronal receptive fields will always prevent the (potentially pre-attentive) selective activation of these neurons when numerous stimuli are displayed simultaneously (which is, of course, the essence of the visual search paradigm). To get around this limitation, we have argued that one should focus instead on attentional manipulations that can take place with relatively isolated test stimuli. One example of such a paradigm is the dual-task paradigm (Braun & Julesz, 1998; Braun & Sagi, 1990) : while attention is occupied by a difficult letter processing task at the center of the screen, one can test the ability of the subjects to recognize an isolated stimulus in the periphery. It turns out that under these conditions, photographs of animals, vehicles or faces can be categorized effortlessly, while apparently much simpler tasks (e.g. telling whether a vertically bisected colored disk is red-green or greenred) suffer dramatically (Fei-Fei, VanRullen, Koch, & Perona, 2005; Li, VanRullen, Koch, & Perona, 2002; Reddy, Reddy, & Koch, 2006; Reddy, Wilken, & Koch, 2004) . The critical issue here seems to be that the task should involve natural or familiar semantic categories, rather than arbitrary categories (i.e. designed by the experimenter) that carry little meaning for the subject (Fei-Fei et al., 2005; ).
More recently, we used a "comparison" paradigm to confirm and extend these results (VanRullen, Reddy, & Fei-Fei, 2005) . Two stimuli were presented at the same time, followed by a mask. The SOA was adjusted so that it was possible to categorize each of the stimuli at 85% correct when presented alone.
We tested whether subjects could compare the categories of the two simultaneously presented stimuli comparison performance was near-optimal at the larger spatial separation (8º), confirming that the necessary processing can be done "in parallel", i.e. without focused attention; but at the shorter spatial separation (3º), comparison performance was significantly decreased, suggesting that attentional demands were now more severe. We explained this effect in terms of competition between the stimuli within the large receptive fields of high-level cortical neurons: in our view, these neurons can be activated, even without attention, when an isolated stimulus is presented, and this activation underlies the rapid categorization effects described above; when two or more stimuli, however, fall into a single receptive field, competition prevents the selective activation of the neuron (Moran & Desimone, 1985; Reynolds & Desimone, 1999) and attention becomes necessary to resolve the conflict. In summary, the findings suggest that a pre-attentive, rapid sweep is sufficient to selectively activate high-level neurons in temporal cortex, provided that local competition between objects in the scene is minimal.
EArLY rEcoGnITIon Is FEEd-ForWArd
How can we test whether this rapid recognition abili-ty relies on a true feed-forward process? Backward masking is one straightforward way to address the question: in a system where early behavioral responses are determined by a pure feed-forward sweep, masking should not affect these early responses even at short SOAs. This is precisely what we found for an animal vs.
non-animal scene categorization task: with a 30 ms SOA, the first 30 ms of correct behavioral responses were essentially unaffected by the presence of a mask (VanRullen & Koch, 2003) . At the neurophysiological level, EEG investigations confirmed that, in the same animal vs. non-animal task, the backward mask does not annihilate the high-level target-specific response (Bacon-Mace, Mace, Fabre- .
Instead, the amplitude of the response is directly proportional to the SOA.
In our experiment (VanRullen & Koch, 2003) , the pattern masks were designed to mimic the structure of natural scenes, with a 1/f Fourier power spectrum and a fine "wallpaper" texture superimposed. However, because such masks can only be expected to hide the relevant scene information "on average" (due to the large variability between the different photographs), it was difficult to assess whether the scene stimulus had been consciously perceived or not on every trial.
Some local high-contrast scene information may have transpired through the mask on some trials. Thus, we investigated the same question using a set of more controlled stimuli (Fig. 3a) : the target was now the letter P (size and screen position were randomized on every trial), and distractors were the letters B and R (display duration 52 ms for target or distractors); subjects were instructed to respond as fast as possible when the target was shown, but to refrain responding on distractor trials; on some "backward-masked" trials the target was shown briefly (for 26 ms) and followed by one of the distractors (for 26 ms as well) which served as a mask; on "forward-masked" trials one of the distractors now preceded the target letter, with the same display time (26 ms for each of the mask and target). The important aspect of this stimulus design was that, in virtually 100% of the masked trials (forwardand backward-masked), only the distractor letter component (i.e. the "mask") was consciously registered (as assessed in a separate, non-speeded recognition session). On forward-masked trials, responses in the speeded categorization task were indistinguishable from the simple distractor trials, i.e. behavior and perception were compatible ( Fig. 3B and 3C ). But on backward-masked trials, we again found that the first 30 ms of correct behavioral responses reflected only the presence of the target letter, i.e. were unaffected by the presence of the backward mask -even though reflect an unperceived prime rather than the following, consciously r egistered "mask". In addition, however, we also found that the arrival of mask information within the system did not immediately erase the "prime" information, which appeared instead to linger in the system for an additional 100 ms (in other words, it took more than 100 ms for behavior to truly reflect the percept). This implies that access to conscious awareness cannot be directly granted by the feed-forward sweep, but that feed-back reentry on the order of 100 ms is required for awareness. VanRullen & Koch (2003) .
In a feed-forward system, the first selective behavioral responses to a target should be unaffected by the presence of a backward mask for a duration that is comparable to the SOA used. We tested this idea using a letter discrimination task. (A) Subjects were required to respond as fast as possible when the letter P was presented and withhold responding when the letters R or B were displayed (examples are shown here only with the distractor letter R). The letters' location and size were randomized for each trial. In half of the trials, letters were flashed for 52 msec, while in the other half, two distinct letters were flashed successively for 26 msec (the target followed by a distractor in backward-masked trials, a distractor followed by the target in forward-masked trials). Under these conditions, due to backward and forward masking effects, only the distractor letter was consciously perceived. (B) Average distribution of RTs for 10 subjects (10-msec time bins). As predicted by the feed-forward model, responses to backward-masked trials followed the distribution of responses to targets for a certain period after the discrimination onset (290 msec). During this period, which lasted approximately 25 msec, behavioral responses were only determined by the first 26 msec of stimulation. After this period, the masking letter began to affect responses, but it was only after more than 415 msec that RTs fully reflected the subject's perception of the stimulation. (C) Individual data for one additional subject who performed more than 42,000 trials. The discrimination onset for this subject was 275 msec, and the difference between targets and backward-masked trials appeared after 305 msec (i.e., 30 msec later). Backward-masked trials went down to the level of distractors after 435 msec. Reprinted from
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To recapitulate, the experimental findings presented thus far show that a feed-forward sweep through the visual cortical hierarchy rapidly activates high-level neurons selective to particular objects or categories.
Even in the absence of attention, this activation is sufficient to support various forms of selective behavior (recognition, categorization), but apparently not to give rise to conscious perception.
SURFING A SPIKE WAVE
Is it really possible to detect, recognize or categorize objects with a single pass of visual information through a hierarchy of areas using only feed-forward connections, and in a time compatible with the observed latency of high-level neurons? Simulations may allow us to assess the validity of this idea.
First, we must find a way of transmitting visual information in less than 10-20 ms per stage -to account for a firing latency of high-level neurons around 100 ms, and counting up to 10 synaptic stages separating the retina from high-level temporal cortex. During this time, most neurons will only have time to fire at most one spike (or up to two spikes for a small proportion of the neurons), so simply counting the spikes for each neuron would not seem to be an optimal strategy.
Thus we decided to use the order in which neurons fire within a given population as the relevant variable (Gautrais & Thorpe, 1998; Thorpe, 1990) . Indeed, the most activated neurons generally fire before less activated ones, and so the pattern of firing order over the population can reflect the amount of neuronal activation, even under conditions where each neuron only has time to fire one spike (Fig 4A) . This way, we can even limit (somewhat artificially) the number of spikes per neuron to a maximum of one, and then follow the propagation of this pure "first spike wave" throughout the system. Second, we must choose an architecture that roughly reflects the hierarchical organization of the visual system. For example, for a face detection task, we used a 4-layer feed-forward organization (VanRullen, Gautrais, Delorme, & Thorpe, 1998) 10-20ms, a Thorpe (2002). http://www.ac-psych.org only to the correct combination of these facial features, i.e. to the presence of a face. In this simplistic model, the feed-forward connections between two layers were manually set to match the expected (i.e. the average) order corresponding to the to-be-detected property.
Simulations of the feed-forward propagation of a wave of spikes through a hierarchy of visual areas. A. Even when each neuron is only allowed to fire one spike, the pattern of firing order over a population can convey most of the stimulus information (the most activated neurons fire before the other ones). Using this scheme, it is possible to efficiently transmit visual information between two processing stages in
In more recent studies we have shown that this type of connectivity can also be "learned", in a supervised or unsupervised manner, using a biologically plausible learning scheme based on spike time dependent plasticity (STDP).
As illustrated in Figure 4 , this model was able to reliably detect the presence of a face in natural photographs, even when more than one face was presented at the same time in a reasonably cluttered scene. The higher-level, face-selective neurons virtually never responded to non-face photographs. The level of performance for this model was comparable to state-of-the-art face detection algorithms at the time (VanRullen et al., 1998) . That a feed-forward architecture can support reasonably good recognition or ca-tegorization performance in natural scenes may not be fully surprising given the success of other related feed-forward models such as the Neocognitron (Fukushima & Miyake, 1982) or the HMAX model (Riesenhuber & Poggio, 1999) . But ours remains the "only" model to date that can explain the extraordinary speed of the visual system, because it relies on the feed-forward propagation of the very first wave of spikes that are generated in the retina in response to scene onset. Using a similar design it is possible to perform efficient face detection (VanRullen et al., 1998) , face identification (Delorme & Thorpe, 2001) , and various other categorizations (Thorpe, Guyonneau, Guilbaud, Allegraud, & VanRullen, 2004) 
dIscussIon
I have shown electrophysiological and psychophysical evidence demonstrating that some forms of recognition or categorization, for object categories that are familiar and meaningful to the observer, can take place extremely rapidly, and with little attention -as long as local competition between objects is minimized.
The finding that this rapid categorization is impervious to backward masking suggests that it must rely mainly on feed-forward mechanisms, and that it can be dissociated from conscious awareness of the stimuli, which apparently involves feed-back mechanisms.
Computational simulations reveal that the feed-forward propagation of a single wave of spikes is indeed sufficient for at least a rudimentary form of recognition.
How do these findings relate to other current theories of visual processing and, more specifically, masking?
The feed-forward sweep described here is very similar to the "transient channel" activation of Breitmeyer and colleagues' dual-channel model (Öğmen, Breitmeyer, & Melvin, 2003 ) (see also Breitmeyer, this volume) , in that it is able to activate the higher levels of the visual hierarchy, but does not directly determine the conscious visibility of a stimulus, which depends on later feed-back processes. This is also in agreement with the proposal by Moshe Bar that a fast but coarse, magnocellular-driven pass through the visual system can trigger a more selective top-down facilitation for the slower, parvocellular-driven object recognition processes (Bar, 2003; Bar, Kassam, Ghuman, Boshyan, Schmid, Dale et al., 2006) . However, in our work we made no explicit assumption as to the parvocellular vs. magnocellular nature of early recognition: the feedforward sweep may well affect both systems similarly, albeit at different times. Indeed, unconscious priming can also be observed for color stimuli, which primarily activate the parvocellular pathway (Breitmeyer et al., 2004; Schmidt, 2002) .
Rapid and unconscious, yet selective behavioral responses are also a hallmark of theories based on so-called "unconscious priming", such as the Direct Parameter Specification framework (Neumann, 1990; Jaśkowski, 1996; Ansorge et al., 1998) or the Rapid Chase model (Schmidt, 2002) . Maybe the most important contribution of our work to these proposals could be the finding that this rapid unconscious processing can also extend to high-level categorization tasks involving complex natural stimuli.
Finally, our experimental results showing that rapid feed-forward recognition is also pre-attentive revives a speculation originally formulated by (Lamme, Super, & Spekreijse, 1998) , who linked pre-attentive vision with feed-forward activity rather than with purely low-level processes:
"Pre-attentive and 'early' processing are intuitively associated with cortical areas low in the hierarchy.
[However,] many feature conjunctions or complex stimulus attributes that are often encountered are probably engraved in the RF tuning properties of neurons in higher areas, such as the inferotemporal area.
Instead of linking pre-attentive vision to primary corti-
